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Accelerated coronary artery disease is a major cause of morbidity
and mortality among cardiac transplant recipients. Ten patients
who died or underwent retransplantation within 2 months of
coronary angiography had direct correlation of angiographic
(normal discrete lesions, diffuse concentric narrowing) with his-
tologic appearance of coronary arteries. Of the 26 angiographi-
cally normal segments, 73% showed mild to moderate fibrous
intimal thickening by light microscopy. The remainder had inter-
mediate lesions or atheromatous plaques. Discrete stenoses usually
corresponded to lipid-rich intermediate or atheromatous disease.
In contrast, angiographically diffuse, concentrically narrowed
Accelerated coronary artery disease is the third most com-
mon cause of death among cardiac transplant survivors after
opportunistic infections and acute allograft rejection (1-3).
At Stanford University Medical Center, coronary artery
disease accounted for 11% of all deaths among cardiac
allograft recipients and 23% of deaths in patients who lived
>1year after transplantation during the period from January
1974 through March 1987. Moreover, 20 (59%) of 34 retrans-
plantation procedures, including 2 third transplantations,
were performed because of advanced transplant coronary
artery disease (4).
Because the cardiac allograft remains functionally dener-
vated, transplant recipients cannot experience the discom-
fort of typical angina pectoris. Life-threatening ventricular
arrhythmias, congestive heart failure due to myocardial
ischemia, silent myocardial infarction detected on electro-
cardiogram or sudden death are often the first manifestations
of transplant coronary atherosclerosis. Because this disease
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lesions usually were areas of severe fibrous intimal thickening.
Fresh or organizing thrombus was most often associated with
discrete lesions and accounted for all complete occlusions.
Histologic and angiographic comparisons of the degree of
luminal narrowing showed generally good correlation for high
grade stenoses. Lesions graded as having <25% diameter nar-
rowing were often underestimated angiographically as compared
with histologic determinations. Transplant coronary artery dis-
ease has a heterogeneous histologic and angiographic appearance,
with angiographic underestimation of disease in some patients.
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is frequently asymptomatic and may progress rapidly in
some patients, annual surveillance coronary arteriograms
have been performed as a matter of policy in all heart
transplant recipients at Stanford since shortly after the
program was initiated.
Coronary arteries of cardiac allografts with prolonged
survival often present a distinctive angiographic appearance,
as has been described previously (5). Proximal focal steno-
ses similar to those of naturally occurring atherosclerosis are
common, but extensive diffuse obliterative lesions that are
quite unlike those of nontransplant coronary artery disease
are also seen. The latter lesions are characterized by longi-
tudinal concentric narrowings of arteries, with pruning of the
most distal vessel segments, complete obstruction of distal
arteries and an absence of collateral vessel formation. Patho-
logic examination of coronary arteries from human cardiac
allografts has shown (6-10) a broad spectrum of abnormali-
ties, ranging from concentric fibrous intimal thickening to
complicated atherosclerotic plaques that bear a close resem-
blance to spontaneous atherosclerosis. However, a detailed
comparison of arteriographic findings with the anatomic
pathologic features of transplant coronary artery disease has
not been reported. The purpose of this study is to compare
the arteriographic and microscopic manifestations of trans-
plant coronary artery disease and assess the accuracy of the
coronary arteriogram for the diagnosis of graft arterial dis-
ease.
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Methods
Case selection. Ten cardiac allografts were selected for
detailed comparison with coronary angiograms because I)
graft failure or death occurred within 2 months of coronary
arteriography, and 2) the formalin-fixed hearts had been
saved, thus permitting extensive gross and histologic exam-
ination of the coronary arteries and direct correlation with
arteriographic anatomy. All patients had survived for > I
year after transplantation.
Preparation of tissue sections. The three major epicardial
coronary arteries and their largest branches were dissected
intact from the IO allografts, decalcified when necessary and
serially sectioned at 2 to 5 mm intervals. None of the arteries
had been perfusion fixed. The location, approximate severity
and distribution of stenoses were recorded on diagrams of
coronary arteries similar or in some cases identical to those
used for coronary angiography. After review of the projected
cinearteriogram, selected arterial segments from each heart
were processed routinely for light microscopy. At least one
section from each angiographically abnormal region was
submitted for histologic study, with two or three sections
submitted from most long lesions (approximately 2:2 cm in
length). In addition, sections were specifically chosen from
angiographically normal areas, with an attempt to take one
section from the left anterior descending, right coronary and
left circumflex arteries. In some cases of diffuse disease,
there were no angiographically normal areas in one or more
of these vessels.
Tissue sections (4 JLm thick) were stained with hematox-
ylin-eosin, Masson's trichrome and elastic van Gieson
stains. Sections that microscopically showed luminal throm-
bus or areas with possible lesion surface ulceration were also
stained by the Frazier-Lendrum technique for fibrin. Sec-
tions that demonstrated equivocal intimal lipid infiltration
were stained with Sudan black B.
Light microscopy. The individual segments of coronary
arteries were classified by light microscopy as normal or as
having one of the three following lesions:
Fibrous intimal thickening. Concentric thickening of the
intima was present as a result of accumulation of collagen
accompanied by a variable degree of smooth muscle cell
proliferation. No significant intra- or extracellular lipid was
present.
Atheromatous plaque. These lesions closely resembled
the atheromatous plaques of natural atherosclerosis, with
caps of dense fibrous tissue overlying central zones of
lipid-filled cells, cholesterol clefts and vacuolated lipopro-
teinaceous debris. Occasional lesions were calcified. The
internal elastic lamina was fragmented or split in most
instances. Atheromatous plaques were either concentric or
eccentric.
Intermediate lesions. These lesions exhibited an appear-
ance intermediate between that of fibrous intimal thickening
and atheromatous plaques. Fibrosis of the intima was
present, associated with sheets offat-containing cells. How-
ever, the distinct extracellular lipid infiltration typical of
atheromatous plaques was not observed. Intermediate le-
sions were usually concentric. The internal elastic lamina
was usually intact.
Alymphocytic infiltrate was observed in the walls of most
arteries, involving predominantly the intima and adventitia,
and was most intense in cases with concurrent myocardial
rejection. For all lesions, the presence or absence of occlu-
sive or nonocclusive, fresh or organizing, arterial thrombus
was recorded.
Morphometry. The degree of luminal area narrowing of
the histologic sections available was measured morphomet-
rically. The Planar Morphometry System (Southern Micro
Instruments) was used. This system utilizes an Olympus
microscope with an attached Hitachi video camera and
SONY television screen, interfaced with an IBM personal
computer with Houston H Pad digital graphics drawing
tablet. A 15x ocular light microscope objective and Ix or
4x lens objectives were used. The circumference of the
lumen and internal elastic lamina of arterial cross sections
were traced, and the perimeters (P) determined by the
digitizer with use of Microcomp computer software. The
"circularized" luminal area (A) was then computed by
assuming A = p2/4 to compensate for collapse of unperfused
vessels. The intimal area was calculated as the difference
between the areas encompassed by the internal elastic
lamina and the lumen. Luminal area narrowing, or the
fractional intimal area, was defined as the ratio of the intimal
area to the sum of the intimal and luminal areas.
Coronary arteriography. All patients had been evaluated
at 12 month intervals by left and right heart catheterization
and selective coronary arteriography by means of the per-
cutaneous femoral approach. All patients gave written in-
formed consent for arteriography. Multiple projections of
both the right and left coronary systems were obtained, with
identical projections replicated in serial studies on an indi-
vidual. Arteriograms were reviewed on the basis of side by
side comparisons of projected cineangiograms. Final inter-
pretation was based on consensus reached by two angiogra-
phers (S.G. and E.L.A.) who considered coronary vessels to
be visibly diseased when at least minor luminal irregularities
were present. Percent diameter stenosis was estimated visu-
ally by comparison of narrowed regions with adjacent angio-
graphically normal regions. Direct angiographic measure-
ment techniques were not employed; however, both
observers were experienced in coronary quantitative tech-
niques. The angiographic abnormalities were coded as fol-
lows:
Type A lesions. These were discrete or short tubular
stenoses present in the proximal, middle or distal segments
of major coronary arteries or their branches.
Type B lesions. These were diffuse concentric luminal
narrowings involving the middle to distal portions of coro-
nary arteries. These lesions began abruptly or as a gradual
transition from the more normal proximal segments of the
arteries and were recognized when the extent of vessel
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Table 1. Clinical Features of 10 Patients Who Died or Underwent Cardiac Retransplantation
Pt. Survival Immunosuppressive Cause of Death Thrombus
No. (mo) ReTx Therapy* or Retransplantation Present
1 14 Cye Ath +
2 14 + Cye + Aza Ath +
3 19 + Aza Ath +
4 24 Cye Ath +
5 38 + Cye Ath +
6 54 Aza Ath
7 59 Aza Ath
8 75 + Aza Ath
9 89 + Aza Ath +
10 134 + Aza Ath +
*Refers to dominant therapy after transplantation. Ath = coronary atherosclerosis; Aza = azathioprine; Cye =
eyclosporine; Pt. = patient; ReTx = retransplantation; - = no; + = yes.
tapering was substantially greater than one would expect
taking into consideration the usual size decrement associ-
ated with branching. Also, minor luminal irregularities that
did not qualify as discrete or tubular lesions (type A) and
extended over;:::1cm of vessel length helped to identify type
B lesions. Included in this definition were the diffusely
irregular squared-off narrowings that have previously been
termed type C lesions (5).
Data analysis. Chi-square tests were used for statistical
analyses, with a p value <0.05 considered significant.
Posttransplant management. All patients had been man-
aged with what was then a standard immunosuppressive
regimen. Six patients who underwent transplantation be-
tween January 1974 and November 1980 were managed with
azathioprine-based immunosuppression and four patients
who underwent transplantation after 1980 were treated with
cyclosporine-based protocols. Additionally, all patients
were treated from the first postoperative week with an
antiplatelet regimen consisting of a daily dose of aspirin
(325 mg) and dipyridamole (225 mg). When indicated, antire-
jection therapy consisted of an increased corticosteroid dose
and, in refractory cases, administration of rabbit antithymo-
cyte globulin. Rejection episodes were always confirmed
histologically by right ventricular biopsy, as was the ade-
quacy of resolution after a course of therapy. After trans-
plantation, all patients were nonsmokers and those patients
with substantial hyperlipidemia received dietary and modest
hypolipidemic medication (bile acid sequestrants were rarely
used because of binding of immunosuppressive drugs).
Results
Clinical features (Table 1). Nine (90%) of the 10 patients
were men, ranging in age from 24 to 56 years (mean 39.9).
The original disease leading to transplantation was ischemic
heart disease in six patients and idiopathic dilated cardiomy-
opathy in four. The duration of allograft viability was 14 to
134 months (mean 52). All four patients whose graft was
obtained at autopsy died of allograft coronary artery disease.
Six patients had grafts explanted during the course of
retransplantation; all six retransplantation procedures were
performed because of graft coronary artery disease.
Coronary Arteriography and Pathology
A total of 107 histologic sections of primary and second-
ary coronary artery branches were prepared from the 10
grafts. There were 61 sections of proximal vessel (counting
the left main coronary artery as proximal), 32 sections of mid
and 39 sections of distal epicardial coronary arteries studied.
In all, 26 segments of angiographically normal-appearing
artery were submitted (range 1 to 4 per heart, mean 2.6).
Comparison of pathologic and arteriographic findings (Ta-
ble 2). All types of lesion pathology were observed in
proximal, mid, distal and branch segments in these 10
patients with overt graft failure due to coronary artery
disease. However, proximal lesions were more commonly
atheromatous plaques (43.2%) as compared with distal nar-
rowings (14.3%) (p = 0.04).
All angiographically normal segments showed some dis-
ease by light microscopic evaluation (Fig. 1and 2). Nineteen
(73%) of the 26 sections taken from angiographically normal
regions demonstrated fibrous intimal thickening. The re-
mainder exhibited intermediate lesions or atheromatous
plaques. The measured fractional intimal area for these
angiographically normal sections ranged from 1% to 57%
(mean 32.8%, SD 14%). The normal-appearing left circum-
flex artery on angiography in Figure 1, at examination of the
explanted allograft 45 days later, showed diffuse concentric
fibrous intimal thickening that involved most of the artery,
with up to 44% luminal area narrowing (fractional intimal
area). Figure 2 shows the angiographic appearance of a
normal left main coronary artery, which at autopsy 4 days
later, was found to have concentric atheromatous disease
affecting its entire length, with up to 40% luminal area
reduction.
Type A and B coronary lesions. Intermediate or athero-
matous lesions accounted for 19.4% and 47.4% of angio-
graphically discrete (type A) stenoses. In contrast, 12 (86%)
of 14 angiographically diffuse and concentric narrowings
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Table 2. Microscopic Findings in 10 Patients With Complete







Artery Thickening Intermediate Atheromatous Within
Territory (no.) Lesions (no.) Plaques (no.) Segment
Left main RCA 3 2 4 I
Proximal 1 4 4 I
Mid 3 4 2 1
Distal 6 4 0 0
Branch 6 1 1 2
LAD
Proximal 4 3 3 0
Mid 4 3 3 0
Distal 4 3 2 1
Branch 4 3 3 0
LCx
Proximal 3 1 5 1
Mid 5 I 3 I
Distal 3 4 2 I
Branch 4 3 3 0
*When more than one section was obtained from a particular vascular
territory, the section with the most advanced vascular disease is noted. Of 13
vessel territories in the 10 patients (total 130 patient territories), 4 had>1
section/territory and 9had no available section. LAD'" left anterior descend-
ing; LCx '" left circumflex; RCA'" right coronary artery.
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(type B) corresponded to areas of fibrous intimal thickening.
Overall, 66.8% of type A and 14% of type B lesions con-
tained lipid (p = 0.(01). Fresh or organizing thrombus was
noted microscopically in 21 (31.3%) of 67 type A lesions as
compared with I (7%) of 14 type B lesions (p = 0.17). Ten
(15%) of the 67 type A lesions demonstrated complete
luminal occlusion by thrombus.
Illustrative cases. Figures 3A and 4A show angiographic
frames demonstrating discrete stenoses in the left anterior
descending and left circumflex arteries, respectively. In
Figure 3A, a histologic section taken from the area of
discrete stenosis, demonstrates eccentric atheromatous
plaque to be responsible for the obstruction. In Figure 4A, a
histologic section from the area of narrowing reveals a
combination of concentric fibrous intimal thickening compli-
cated by thrombus. The angiogram in Figure 5 shows dis-
crete disease in the mid-portion of the right coronary artery,
with the corresponding microscopic sections demonstrating
an intermediate lesion.
Figures 3B, 4B and 5 are examples of diffuse concentric
Figure 1. Patient 3. Right panel, Left anterior oblique view of an
arteriographically normal-appearing left circumflex artery (arrow) 45
days before retransplantation. Left panel, Concentric fibrous intimal
thickening involving the mid-left circumflex artery and one of its
marginal branches. The patient underwent retransplantation at 19
months because of severe transplant coronary artery disease. (Mas-
son's trichrome, original magnification x20.)
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disease with corresponding angiographic frames, Figure 3B
illustrates diffuse narrowing that microscopically was shown
to be due to a typical atheromatous plaque. Figure 4B shows
concentric fibrous intimal thickening at a site of diffuse
disease. Figure 5 shows concentric angiographic narrowing
of the distal branch of the right coronary artery, with a
microscopic appearance of extensive fibrous intimal thick-
ening, which is also seen in Figure 4B.
Luminal diameter on angiography versus cross-sectional
area on histopathologic study (Table 3). The maximal percent
reduction in luminal diameter noted on angiography was
compared with the reduction in luminal cross-sectional area
as measured on microscopic sections taken from sites di-
rectly corresponding to the areas studied on angiography.
One hundred seven such sections were available for direct
comparison with a recent arteriographic study. For simplic-
ity, the ranges of maximal luminal diameter or cross-
sectional area are shown. Because of the geometric relation
between the diameter and cross-sectional area of a cylinder,
a 50% reduction in arteriographic vessel diameter generally
corresponds to a 75% reduction in luminal cross-sectional
area. Correspondingly, 73 (68%) of 107 arteriographic sites
had a diameter reduction of <50% and 75 (70%) of the
corresponding 107 microscopic sections had an area reduc-
tion of <75%, suggesting a reasonable level of correlation
between the two techniques using these threshold criteria for
significant disease. However, there was substantial underes-
timation by angiography when the estimated diameter reduc-
tion was <25%. Thirteen (50%) of 26 angiographically nor-
mal locations had a measured microscopic area reduction of
Figure 2. Patient 1. Right panel, Study after left coronary artery
injection exhibiting essentially normal left main arteriographic anat-
omy (arrow) 4days before the patient's death as a result of multiple
myocardial infarcts secondary to severe coronary artery disease.
Left panel, Concentric atheromatous plaque in the left main coro-
nary artery, composed of a fibrous cap overlying a basal layer of
extracellular and intracellular lipid. (Elastic van Gieson, original
magnification x15.)
26% to 75% and an additional 6 (27%) of 22 with an
arteriographic diameter decrease of 5% to 25% had micro-
scopic evidence of 50% to 75% luminal area reduction.
These underestimations occurred at both proximal and distal
sites. Concentric fibrous intimal thickening was the most
common abnormality observed in segments that were arte-
riographically underestimated.
Discussion
Pathology of transplant coronary artery disease. The
pathogenesis of vascular disease in the transplanted heart is
poorly understood, but it may result from a chronic immu-
nologic injury directed against the arteries of the donor
organ. Coronary arteriographic studies (5,11,12) of cardiac
transplant recipients have shown an increasing prevalence of
graft coronary artery disease that accompanies longer graft
survival, so that at 3 to 5 years after transplantation, 36% to
60% of patients have some angiographic evidence of disease.
Histopathologic studies (10) have demonstrated a higher
prevalence of graft coronary artery disease, with virtually
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Figure 3. Patient 2. A (right pane)), A discrete stenosis in the
mid-left anterior descending artery (arrow). The arteriogram was
obtained 8 days before retransplantation that was performed 14
months after the original transplantation. Left panel, An eccentric
atheromatous plaque taken from the section ofleft anterior descend-
ing artery corresponding to the arteriographic stenosis. The ex-
planted graft showed severe diffuse arterial narrowing and a recent
infarct in the left ventricle. (Elastic van Gieson, original magnifica-
tion x40.) B (right panel), Diffuse disease in the distal left anterior
descending artery of the same patient. Left panel, Pronounced
stenosis caused by eccentric atheromatous plaque, complicated by
microscopic calcium deposits and intraplaque hemorrhage. (Elastic
van Gieson, original magnification x35.)
100% of patients who survive for >1 year having some
vascular disease. In many patients, the first evidence of
arterial disease is concentric intimal thickening due to myo-
fibroblast proliferation and fibrosis. With time, beginning at
about 1 year after transplantation, aggregates of lipid-filled
cells accumulate within the intima (intermediate lesions)
and, in many cases, well formed lipid cores of cholesterol
clefts and free-lying lipid debris (atheromatous plaques) can
be seen (10). These transplant atheromatous lesions are
indistinguishable from those of spontaneous atherosclerosis.
Frequently, lymphocytes can be seen within the vessel
JACC Vol. 17, No.2
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walls, especially within the intima and adventitia, evidence
in support of the probable immune pathogenesis of trans-
plant coronary artery disease.
Histopathologic-arteriographic correlation. We have de-
scribed (5) two distinct types of vascular lesions that can be
detected angiographically in human cardiac allografts. Type
Alesions are discrete localized stenoses of the proximal and
mid regions of the epicardial arteries, whereas type Blesions
affect the small distal segments and are recognized as long
Figure 4. Patient 5. A (right panel), angiographic frame showing a
severe discrete stenosis in the proximal portion of the left circumflex
artery (arrow). Left panel, Concentric fibrous intimal thickening com-
plicated by subtotal obstruction of the lumen in the directly corre-
sponding microscopic section. (Elastic van Gieson, original magnifica-
tion x80.) B (right panel), Arteriographic demonstration of diffuse
concentric narrowing (arrow) of the distal circumflex vessel from the
same patient. Left panel, Marked concentric fibrosis of the intima from
the corresponding region. The internal elastic lamina is intact. (Elastic
van Gieson, original magnification xSO.) The patient underwent re-
transplantation at 38 months because of graft coronary artery disease.
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Figure 5. Patient 3. Right panel, Coronary arteriogram from the
same patient as in Figure I, showing a discrete lesion in the mid
portion (white arrow) and diffuse concentric narrowing of distal
branches (black arrow). The mid-right coronary artery disease
corresponds (upper left panel) to a concentric intermediate lesion,
with numerous lipid-rich intimal cells but little extracellular lipid.
(Hematoxylin-eosin, original magnification x50.) The distal right
coronary artery branch lesion corresponds to the left lower panel,
which shows microscopically significant luminal narrowing due to
concentric fibrous intimal thickening. (Hematoxylin-eosin, original
magnification XSO.)
tubular constrictions. In the current study, we included in
this category diffuse lesions with abrupt origins or cutoffs
and luminal irregularities, lesions previously designated as
type C (5). These angiographically distinct lesions also differ
with regard to microscopic morphology. Two-thirds of type
A stenoses were caused by intermediate or atheromatous
plaques. In contrast, 86% of type Blesions were the result of
concentric fibrous intimal thickening (p = O.OOl). Thirty-one
percent of type A lesions were accompanied by luminal
thrombus as compared with 14% of type B lesions, a
difference that was not statistically significant (p = 0.17).
In this study, coronary arteriography was relatively insen-
sitive for the detection of the early vascular lesions that were
discovered on microscopic examination. All 26 angiographi-
cally normal segments directly compared with microscopic
sections were diseased, with 75% exhibiting fibrous intimal
thickening of variable severity. The percent luminal diameter
reduction estimated from arteriograms often underassessed the
reduction in luminal cross-sectional area as determined micro-
scopically, even when adjusted for the geometric distinction
between percent diameter versus percent luminal area reduc-
Table 3. Correlation of Arteriographic Estimate of Lesion Severity With Results of Quantitative Morphometry in 10 Patients With
Proximate Arteriography
%Diameter
Quantitative Morphometry (% area reduction)
Total
Reduction Normal 5% to 25% 26% to 50% 51% to 75% 76% to 95% 96% to 100% Segments
Normal 0 13 12 I 0 0 26
5% to 25% 0 6 10 6 0 0 22
26% to 50% 0 0 17 4 4 0 25
51% to 75% 0 0 I 3 4 0 8
76% to 95% 0 0 0 0 9 4 13
96% to 100% 0 0 2 0 2 9 13
Total sections 0 19 42 14 19 13 107
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tion. This was most pronounced for lesions that appeared
angiographically normal or had <25% diameter reduction.
Angiographic underestimation of the severity of coronary
artery disease is also common with naturally occurring coro-
nary atherosclerosis. Studies (13-17) comparing coronary arte-
riography with postmortem findings or with measurements of
the physiologic importance of stenoses have shown that arte-
rial disease may be pathologically or functionally more exten-
sive and more obstructive than predicted by angiography. In
autopsy series (15), these disparities are partly due to collapse
of unperfused arteries, which results in overestimation of the
extent ofcross-sectional area narrowing. We recognize that the
absence of arterial fixation in the distended state is a limitation
in this retrospective study. However, calculation of the "cir-
cularized" luminal area to some degree corrects errors related
to vessel collapse. Comparisons of perfusion-fixed coronary
arteries with arteriograrns have shown (14,15) that true under-
interpretation of stenoses does occur frequently, especially in
vessels with noncircular lumens, distal arterial segments that
may be poorly opacified and cases of diffuse disease, because
truly normal segments may be lacking for comparative pur-
poses. Transplant coronary artery disease of long-term al-
lografts is often diffuse, especially in distal vessels, which may
partly explain the failure of arteriography to measure accu-
rately the severity of graft coronary artery disease.
Conclusions. An improved method for detecting and
monitoring cardiac allograft coronary artery disease is
needed. Yearly quantitative coronary arteriographic studies
using catheter calibration and including a "baseline" angio-
gram performed early after transplantation may result in
more accurate assessment of the development and progres-
sion ofcoronary artery disease (18,19). Such studies will also
enable investigators to more accurately evaluate the effect of
any interventional regimen designed to alter the occurrence
or evolution of allograft vascular disease. Thus, the angio-
graphic and microscopic morphology of coronary artery
disease in long-term survivors of cardiac transplantation is
quite heterogeneous. Customary visual interpretation of
contrast coronary angiography underestimates the degree
and extent of this process based on these histopathologic
angiographic comparisons.
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